Abstract-A frequency-domain-based electromagnetic model of the lightning protection system of buildings is presented in this paper. Numerical model can accurately take into account all conductors of the lightning protection system, i.e., air-termination system, down-conductor system and earthtermination system. Using the presented electromagnetic model, attenuation effects of a grid-like spatial shield -sometimes used in lightning protection of buildings -will be analyzed for both the electric field and the magnetic field caused by a lightning strike. Three-dimensional distributions of the fields inside the shield are provided in the paper.
INTRODUCTION
Lightning protection system (LPS) of a building comprises an external LPS and an internal LPS. The purpose of the external LPS is to intercept direct lightning flashes via air-termination system conductors, conduct the lightning current from the interception point via the down-conductor system and safely disperse the lightning current into the surrounding soil via the earth-termination system. The purpose of the internal LPS is to prevent hazardous sparking inside the structure usually achieved by means of equipotential bonding. Sensitive equipment such as electrical and electronic systems inside the structure are protected on the principle of lightning protection zones, in which the building is divided into internal lightning protection zones according to the level of threat posed by the lightning electromagnetic pulse. Internal zones are in some cases, depending on the sensitivity and the cost of equipment, protected by spatial shielding. These spatial shields are in most cases grid-like shields in the form of steel reinforcements in the concrete and they provide a certain level of attenuation for the radiated lightning electromagnetic field. These attenuation effects will be addressed in this paper using an advanced numerical model of the LPS.
Numerical modelling of the LPS and computation of relevant electromagnetic quantities due to lightning strikes inside and around it has been a subject of interest for a number of researchers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . These numerical models vary in many aspects -from the domain in which the computation is performed -time domain models such as [8, 9] or frequency domain models such as [11] to the general complexity with which the authors model the entire LPS and/or the medium in which it is situated (homogeneous ground or a more realistic and complex heterogeneous ground). A good numerical model should be able to produce results as accurately as possible in the least computation time possible taking important parameters such as ground stratification and electromagnetic coupling of LPS conductors.
In this paper, a frequency-domain-based transient electromagnetic model of the LPS is briefly described. This is in fact an expanded transient electromagnetic model of a grounding system published previously by the authors in papers [12-14, 17, 18 ]. An originally developed transformation procedure is employed [13, 14] instead of the ordinarily used FFT/IFFT. The transformation procedure is characterized by mutually independent sampling in the time and frequency domains which enables faster computations while in fact improving the accuracy of results and eliminating errors which were sometimes present when using FFT/IFFT procedure [15] . The electromagnetic model of the LPS can take into account soil with an arbitrary number of layers, which are taken into account using the robust fixed image method developed in [16] . Formation and subsequent solving of ill-behaved Sommerfeld integrals is avoided by introducing an approximation in the form of an attenuation-phase shift factor [16] . This influence of this factor has been investigated in [17, 18] and it was concluded that the inaccuracies that it introduces into the model can be considered negligible but its influence on computational speed of the model is significant. Segments of external LPS conductors can be situated in any layer of the multilayer medium which includes air. The electromagnetic model can compute all electromagnetic properties of interest: scalar electric potential, vector magnetic potential, magnetic flux density and electric field intensity in any number of observation points situated in any layer. Using the presented model, authors will investigate the attenuation effect of grid-like metallic shields used in lightning protection of structures.
TRANSIENT ELECTROMAGNETIC MODEL OF THE LIGHTNING PROTECTION SYSTEM
Transient electromagnetic model of the lightning protection system presented in this paper is a frequency-domain-based model and as such has three main stages. Since the computation procedure is not performed directly in the time domain, but in the frequency domain, one firstly needs to transform the lightning current from the time domain into the frequency domain [19] . This is followed by the main computation which is performed over a limited set of frequency values. Finally, when the results are obtained for various frequency values, these results are transformed back to the time domain. In the following sections, a brief description of each of these steps used in the authors' model will be provided.
Transformation of the Lightning Current into the Frequency Domain Using Continuous Numerical Fourier Transform
The presented transient electromagnetic model utilizes an originally developed continuous numerical Fourier transformation (CNFT) [13] . This transformation procedure nonuniformly samples the lightning current in the time domain using adaptive recursive sampling [20] to obtain the optimal number of sampled points. When a set of sampled points is obtained, then the lightning current is linearized over these sampled points using the finite element technique [21] . Linearization of the current enables the algorithm to analytically integrate the linearized lightning current into the frequency domain thus circumventing numerical integration of the oscillatory part of the Fourier integral. One additional advantage is that the resulting lightning current in the frequency domain is continuous which simplifies further computing since frequency samples can be chosen independently of the time domain samples. This is not the case when using standard Fast Fourier Transform algorithms [15] . CNFT algorithm can handle any mathematical approximation of the lightning current function and can even work with measured lightning current data. It is highly accurate and versatile as demonstrated in [13] .
Frequency-Domain Computation of Electromagnetic Quantities
Although frequency-domain-based electromagnetic models have several advantages over models which compute in the time domain, they all have a common flaw -the computation procedure must be repeated for a relatively considerable number of frequencies. This is why the previously mentioned advantage of the CNFT algorithm is valuable, because it enables a more versatile frequency domain sampling procedure which can significantly reduce computation time since the selection of frequencies is not dependent on the time domain sampling.
Electromagnetic model presented in this paper can take into account a set of arbitrarily positioned conductors situated in air or in ground. As for the modelling of the ground itself, the model can work with horizontally stratified layer which have different electrical properties if the need arises. This means that the model can encompass all relevant parts of the lightning protection system -the airtermination system of conductors, the down-conductors, the earth-termination system of conductors, and any grid-like metal shields inside the protected building. Using the presented model, one can compute all quantities of scientific and engineering interest in any number of observation points and in any point of the medium (air or ground). These quantities include scalar electric potential, vector magnetic potential, magnetic flux density and electric field intensity.
Each of the conductors is divided into segments to improve the accuracy of the average potential method which is a special case of the Galerkin-Bubnov method used in the electromagnetic model. The number of segments depends on the conductor length. Current of the conductor segments is divided into two dependent parts -the longitudinal current which flows along the conductor segment axis and the leakage current which leaks from the conductor segment surface into the surrounding medium. In the presented electromagnetic model, the longitudinal current of the segment is approximated linearly while the leakage current is, consequently, a constant along the segment length [12] . The effect of medium heterogeneity is taken into account using the robust and accurate fixed image method originally developed in [16] . Attenuation and phase shift effects of electromagnetic quantities in multilayered medium are taken into account using an approximate attenuation-phase shift factor [16] [17] [18] , which circumvents the formation and subsequent solving of ill-behaved Sommerfeld integrals. The effect of using this factor on result accuracy has been investigated in [17, 18] where it was concluded that the loss of accuracy is not significant whereas the increase of computational speed which occurs when this factor is introduced is more than significant.
Initially, all conductor segments are disconnected in order to create a complete local system of equations which is formed using the Galerkin-Bubnov method. This is a linear system of equations for longitudinal and leakage segment currents which is transformed into an equivalent complete local system of linear equations for nodal currents [12] :
where Z t is a symmetrical transversal segment impedance matrix [17, 18] ; Z b is a nonsymmetrical matrix of longitudinal impedances between segments and beginning nodes of segments [12] ; Z e is a nonsymmetrical matrix of longitudinal impedances between segments and ending nodes of segments [12] ;
[E] is the unit matrix; nĪ is a vector representing local nodal currents; nΦ is a vector representing local nodal potentials. Elements of the symmetrical transversal segment impedance matrix Z t are computed analytically and have been derived in detail in [17, 18] whereas the nonsymmetric matrices Z e and Z e are computed numerically using an improved Gaussian quadrature [12] . The complete local system of equations for nodal currents can then be obtained from Eq. (1):
where Ȳ represents the nodal admittance matrix of the local system which can be derived from Eq. (1). By equalizing the elements of the nodal current vector with zero, the incomplete local system of equations is obtained and is now ready for the assembly procedure:
Using the assembly procedure, the previously disconnected segments become connected in global nodes:
The lightning current for any frequency is obtained using the previously described CNFT algorithm. After a straightforward procedure, the unknown global potentials of nodes are obtained after which the local nodal currents can be computed. Then the nodal currents are easily transformed into longitudinal and transversal segment currents. The result of the harmonic computation is the current distribution along all conductor segments. This is required for subsequent computations of potential or electromagnetic field. These computed quantities (potential and/or electromagnetic field) represent the solution functions and need to be computed as many times as there are sampled frequency values. This solution function needs to be transformed back to the time domain. Scalar electric and vector magnetic potential in the observation point positioned within the i-th layer of the horizontally stratified multilayer medium can be obtained from the following expressions by summing the contributions of all segments of conductors (more detail in paper [18] ): 
where ks is the index number of the conductor segment, and Ns is a total number of conductor segments. Here,φ ks i andĀ ks i are respective partial contributions of the arbitrary ks-th segment to the scalar electric and vector magnetic potentials at the field point, while 0ks is a unit vector of the ks-th segment in threedimensional space. Electric field intensity at the field point, arbitrarily positioned within the i-th layer (including the layer boundary) of the multilayer medium, is obtained from the following expression [22] :
Magnetic flux density is computed directly from the vector magnetic potential using the following expression [22] : B 
A more detailed derivation of the presented expressions can be found in the authors' previous work [22] where the harmonic electromagnetic model was derived initially.
Inverse Continuous Numerical Fourier Transform Frequency-Domain Computation of Electromagnetic Quantities
Transformation of the results is achieved using a similar algorithm to before -the inverse continuous numerical Fourier transform algorithm (ICNFT) originally developed in [14] . It is also based on nonuniform sampling in the frequency domain and linearization of the solution function over a frequency segment. This consequently enables analytical transformation of the linearized solution function back into the time domain. This algorithm has been extensively tested and its accuracy validated in [14] .
ATTENUATION OF GRID-LIKE SPATIAL SHIELDS USED IN LIGHTNING PROTECTION OF STRUCTURES
Spatial shields are used in lightning protection of buildings to attenuate the effects of radiated electromagnetic field produced by lightning strikes and are primarily used for protection of building zones that contain particularly sensitive and/or expensive electronic equipment. These shields are most often in the form of grid-like meshed shields -Faraday cages -which also double as steel reinforcement in the concrete. The attenuation effect of the grid-like spatial shield is not identical for attenuation of electric and magnetic fields. As will be shown in the following examples, attenuation effects differ. It is well known that the attenuation of magnetic field is more difficult to achieve than the attenuation of the electric field especially for lower frequencies of the radiated field [23] . Usage of shielding materials with higher permeability values such as MuMetal [23] can improve the attenuation effects.
In the presented example, the analyzed protected building is a rectangular building 40 m long, 40 m wide and 20 m high (Fig. 1) . It is protected by a mesh of air-termination conductors and down conductors which are connected to the earth-termination conductors. The mesh size on the roof of the building is 10 m, whereas the horizontal distance between down-conductors is also 10 m. All down-conductors are additionally connected at a 10 m height by a horizontal conductor. The earth-termination system is composed of a ring of conductors buried 0.7 m deep in the soil and positioned at a 1 m distance from the building external walls. The soil in which the grounding system is buried is three-layer soil with the following electrical properties: ρ 1 = 100 Ωm, ρ 2 = 500 Ωm, ρ 3 = 1000 Ωm, ε r1 = ε r2 = ε r3 = 10. The thickness of the first two layers is 1 m and 2 m.
A couple of scenarios will be analyzed here involving two types of lightning strikes and the presence or absence of the grid-like spatial shield when protecting a zone in the building. In all cases, a 6×6×6 m zone positioned in the center of the building will be observed. Namely, electric and magnetic fields will be computed on a plane situated at a 1 m height in that zone for the shielded case and the unshielded case. In all cases the lightning strikes directly at the center point of the mesh situated on the top of the building. The parameters of each lightning strike are given in the following subsections.
First Scenario -First Positive Impulse
In the first case scenario, the building external LPS is assumed to be struck by a first positive impulse which has relatively slower rise-time and decay-time and is characterized by larger amplitudes of the lighting current. This impulse is modelled by the Heidler function [24] with the following function parameters: I 0 = 100 kA, η = 0.93, τ 1 = 19 µs, τ 2 = 485 µs and n = 10. Four cases in this scenario are analyzed: a) the zone is unshielded, b) zone shielded by a grid-like spatial shield of mesh size 1 m, c) zone shielded by a grid-like spatial shield of mesh size 2 m, and d) zone shielded by a grid-like spatial shield of mesh size 3 m. As mentioned before, three-dimensional computation of electric field intensity Figures 2-4 depict the three-dimensional distribution of the total electric field intensity on the observation plane at 20 µs, 50 µs and 100 µs. Figures 5-7 depict the three-dimensional distribution of the magnetic flux density on the same observation plane at 20 µs, 50 µs and 100 µs. It can be noted from these figures that the attenuation effect is in fact drastically more evident in the case of electric field than in the case of the magnetic field which was to be expected due to reasons mentioned previously. Furthermore, one can also notice the increase in attenuation effects for a denser mesh of conductors in the shield.
Second Scenario -First Negative Impulse
In the second case scenario, the building external LPS is assumed to be struck by a first negative impulse which has faster rise-time and decay-time. This impulse is also modelled by the Heidler function with the following function parameters: I 0 = 100 kA, η = 0.986, τ 1 = 1.82 µs, τ 2 = 285 µs and n = 10. As in the previous scenario, four cases are analyzed. Figures 8-10 depict the three-dimensional distribution of the total electric field intensity on the observation plane at 20 µs, 50 µs and 100 µs. Figures 11-13 depict the three-dimensional distribution of the magnetic flux density on the same observation plane at 20 µs, 50 µs and 100 µs. Again, it can be noted from these figures that the attenuation effect is more evident in the case of electric field than in the case of the magnetic field. Furthermore, one can also observe the increase in attenuation effects for a denser shield mesh which is evident both in the electric field case and the magnetic field case which is also to be expected.
Third Scenario -Subsequent Negative Impulse
In the third case scenario, the building external LPS is assumed to be struck by a subsequent negative impulse which has the fastest rise-time and decay-time. This impulse is also modelled by the Heidler function with the following function parameters: I 0 = 50 kA, η = 0.993, τ 1 = 0.454 µs, τ 2 = 143 µs and n = 10. As in the previous scenario, four cases are analyzed. Figures 14-16 depict the threedimensional distribution of the total electric field intensity on the observation plane at 20 µs, 50 µs and 100 µs. Figures 17-19 depict the three-dimensional distribution of the magnetic flux density on the same observation plane at 20 µs, 50 µs and 100 µs. . Three-dimensional depiction of the total magnetic flux density for the subsequent negative stroke at t = 100 µs.
CONCLUSION
In this paper, a frequency-domain-based transient electromagnetic model of the lightning protection system is briefly described. Transformation between time and frequency domains is solved using forward and inverse continuous numerical Fourier transforms developed in the authors' previous work. Using the proposed model, it is possible to compute all electromagnetic quantities of scientific and engineering interest in any observation point. This paper briefly analyzes the attenuation effect of grid-like spatial shields used in lightning protection of buildings. The analysis is performed for both the electric field and the magnetic field. It is demonstrated that the magnetic field is much harder to attenuate as expected from the electric field.
